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Top-pair cross-section
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Current status

Top-pair cross-section, 20 years later:
The state of the art is still NLO QCD corrections ©

» The only improvement over 20 years: now we know it analytically.

» Such slow progress is for a good reason:
top is very hard to calculate!

» Theoretical uncertainties are not as small as we would like them to be:

NLO corrections 50%
NLO uncertainty 10% (more details to follow).

Can we get the uncertainties down to few percent?
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What to do?

% Clearly, the best way is to just calculate the NNLO corrections.

This is very complicated! The complexity is ~ 3-loop massive box !!

The best strategy is known, and people are working hard on this:

Ingredients for the two-loop amplitudes already exist:

» 2-loop qq — QQ amplitude (numerically, high precision)
» all 2-loop amplitudes in the limit m,,,— 0 (analytically)
» 2-loop gg — QQ amplitude (numerically) — expect to appear this year ©

» One loop amplitudes squared known too.

Bottleneck: IR subtraction scheme! (recall: ete- — 3 jets)
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What to do?

< Second approach: soft gluon (threshold) resummation.

The only source of new information in top production in the last > 10 years

Developed (NLL): Sterman et al mid-90's

Bonciani, Catani, Mangano, Nason 98
Applied (NLL): Kidonakis, Laenen, Moch, Vogt;

Cacciari et al, Moch Uwer, Czakon AM

How much can resummation tell us ?

Past analyses NLO/NLL show that it brings small reduction in the
theoretical uncertainties, i.e. 12-15% down to say 10%.

Cacciari et al
Kidonakis, Vogt;
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From NNLL to NNLO ??

< Soft gluon resummation can predict some terms at NNLO
< Typically, this contains very limited information about NNLO

< Such approach is based on the following assumptions:

v" soft approximation is dominant (

v" partonic flux samples the threshold region;
that additionally enhances the soft terms (

v" NNLL resummation ( )

» In fact the NLO/NLL (one-loop) result was completed
just 7 months ago!

> First partial results needed for NNLL just appeared:

» Work for NNLL underway!

)i

)i
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The NLO partonic cross-section and flux

The observed cross-section is an integral over the product of:

» Partonic cross-section (NLO) /Bmax .
e = d .
» Partonic flux (incl. Jacobian). O(Shad) % . B Gpart (B)
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< The soft approximation is not a good approximation to FO (at NLO)
< The flux does not predominantly sample the threshold region!

0’0 - i '
» Sub-leading power terms large! Noticed first by
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Top quark pair: “the numbers”

The central values (LHC @ 14 TeV):

> FO NLO / FO LO: 50%
» NLL / FO NLO: 4% (circa early 2008)
» Some beyond NLL effects / FO NLO: 0.8% Moch, Uwer ‘08

> New NLO effects / FO NLO: 1~1.5% cCzakon, AM 08

Important: No genuine NNLO term is known (could easily give 5% shift) !

Perhaps also
relevant for the
FB asymmetry ?

Lesson: in top production, large contributions
come from hard, not soft emissions
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Top quark pair: central values; PDF’s

Comparison of central values for: a(M,) :
_ CTEQ 6.6: 0.118
Miop=172.4 GeV MRST 2006 nnlo: 0.119
p=m _ N MSTW 2008 nnlo: 0.117
correct exact hard matching coefficients MSTW 2008 nlo: 0.120

Coulombic effects not elaborated upon.

MRST 2006 nnlo MSTW 2008 nnlo

/ NLO =890 pb '/ NLO =857 pb
NLO+NLL = 918 pb NLO+NLL = 885 pb

CTEQ 6.6 MSTW 2008 nlo

\ NLO =844 pb NLO =906 pb

NLO+NLL = 871 pb | /~ “_ NLO+NLL = 935 pb
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Top quark pair: PDF’s

CTEQ 6.6
NLO =844 pb
NLO+NLL = 871 pb

AN

MSTW 2008 nlo

NLO =906 pb
NLO+NLL = 935

pb

» At NLO the two sets predict 7% difference in central values

» Inconsistent with expectation for 3% uncertainty due to each set

» NOTE: these are NLO sets; at NLO everything (regarding PDF) is
well understood and sufficiently well known.

» Perhaps the PDF uncertainties are much larger than thought?

» What about NNLO PDF sets then?
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Top quark pair: “the uncertainty”

Current theory error estimate (NLO/NLL): ~ 10%

1) 3% uncertainty would be just half the diff. between the NLO PDF sets (7%)

2) Scale variation is not a true error estimate in t-tbar (or anywhere else ©)

v Accidental cancelation between renormalization/factorization scales
v" Large sub-leading terms
v Likely large NNLO corrections

3) No genuine NNLO term is known; could easily shift o5 by 5% !
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Top quark pair: open problems

<+ We do not measure top quarks, but their decay products
< Beyond LO, theorists do not have that much to offer here ®

< So far all approaches based on neglecting production/decay interference.
Likely small effect.

<> MC@NLO: NLO production + LO decay +shower
% top pair in MCFM?

< With new unitarity-based methods:
interesting progress reported at Loopfest ‘09 by

< Speed at NLO likely to be an issue.
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Top quark mass
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Top mass: why we care?

We need to know the top mass because it is “portable”:

Places where the top mass is crucial:

- Higgs mass

Precision Electroweak Measurements and Constraints
on the Standard Mode/ arXiv:0811.4682v1 [hep-ex]

» Lower limit from direct searches:
ALEPH, DELPHI, L3, and OPAL Collaboration ‘03

M, > 114 GeV; recent exclusion of
160-170 GeV range from Tevatron

» Indirect constraints from LEP + Miop

M, =84 +34-26 GeV

+ My,

M, = 173.14£1.3 GeV/c

Current best measurement
CDF+D0: 0903.2503

July 2008
T

80.54

1 —LEP2 and Tevatron (prel.)
LEP1 and SLD

68% CL

200
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Top mass: why we care?

Places where the top mass is crucial:

. ) . Bezrukov, Shaposhnikov ‘07-'08
N H|ggs'|nﬂat|0n De Simone, Hertzbergy, Wilczek'08

Assume non-minimal coupling to gravity:

Ly=—|0HP> + ) *H'H —\NH'H?+¢H'HR

Then: Higgs = inflaton provided:
1) 103 <& <104

my — 171 GeV ag(my) — 0.1176 |
mp, > 125.7GeV + 3.8 GeV —1.4GeV _ +
DEEL e ( 3 GeV ) . ( 0.0020

3)  [ma < 190 GeV

» Theory remains perturbative at high energy,

» Consistent inflation; consistent with WMAP!
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Top mass: why we care?

0.990

- Higgs-inflation

Bezrukov, Shaposhnikov ‘07-'08

0.985]
De Simone, Hertzbergy, Wilczek'08 I

0.980 |

Provided it works © % 0975
the model is very predictive! 2

09701

0965 : Lol o s e o o Bl o g o o Bops o F oo ] i
122 124 126 128 130 132 134 136
Higgs mass m;, (GeV)

De Simone, Hertzbergy, Wilczek arXiv:0812.4946v2

Figure 1: The spectral index ng as a function of the Higgs mass my, for a range of light Higgs masses. The
3 curves correspond to 3 different values of the top mass: m; = 169 GeV (red curve), m; = 171 GeV (blue
curve), and my = 173 GeV (orange curve). The solid curves are for ag(mz) = 0.1176, while for ms = 171 GeV
(blue curve) we have have also indicated the 2-sigma spread in ag4(myz) = 0.1176 4+ 0.0020. where the dotted
(dot-dashed) curve corresponds to smaller (larger) a,. The horizontal dashed green curve, with ng ~ 0.968,
is the classical result. The yellow rectangle indicates the expected accuracy of PLANCK in measuring ng
(Ang =~ 0.004) and the LHC in measuring my (Amp =~ 0.2 GeV). In this plot we have set N, = 60.
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Top mass: why we care?

So, to summarize, the top mass is needed:
+ with numerical precision,

“» with confidence about its definition.

Recall: mass is not observable; it is a formal parameter and is
thus sensitive to its formal definition.

Unless we have a reasonable control over both mass definition and
mass value, we cannot be confident we are doing a good job!
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How to measure the top mass?

At the LHC the top mass measurement can be done with “confidence”

Here is the idea:

» Find an observable sensitive to the value of the top mass;

» Fix all other parameters and fit the data by tuning the mass.
(of course, we hope for data with sufficient statistics © )

» If beyond LO, we become sensitive to the definition of the mass, too.

Example 1: the total top-pair cross-section.

- It allows extraction of the mass with ~ 4% accuracy.

Hint: compare to the current best value from the Tevatron ~ 0.8%

It is not all bad news: we are confident about what we measure ©
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Example 2: “J/Psi final state”

Jet measurements are hard at the LHC; check out the lepton signal

J v

2 W W- I (e*)

L Ty )

Idea: - study the invariant mass distribution of M, ,, in top decay
- explore the strong correlation between peak position and M

top

2 T <
el | B C v Experimentally very clean signal
§ U .| ¥ Low branching ratio ~ 105, but
ot T v Compensated by large top rates
R v ~ 1000 events/year at LHC (14 TeV)
[ B v Accuracy < 1 GeV achievable.

P R R |
170 175 150 1585
Mesp (GeV)
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The Tevatron: the latest numbers

A combination of 11 measurements:

Mass of the Top Quark (*Preliminary)
Run I published Run II preliminary _
CDF DO / \ CDF /f@ CDF-I di = 16744103449
all j L+ di-l 14j di-l 1] di-l - allj trk 14 dil _ °
[Ldt o0 o1 o1 o1 o1/ 32] 19 20 19] [ 36| 36 BO-IgH 16844123 £856
Result | 186.00 176.10 167.40 | 180.10 168.40 /1-72.14 \171.15 174.80  175.30 j73.75 \ 174.66 "CDE-II did B
LJES 000 000 000| 000 000 074 | 000 164 000/ 047 | 0.00 ) i T 1712227229
aJES 0.00 000 000| 000  0.00 0.00 | 000 000 000 || 091 | 1.32 DO-Il di-l AT T42 5494
bJES 0.60 060 0.80| o07L 07l 038 |040 021  000|| 007 | 0.26 _ °
cJES 3.00 270 260| 200 200| 032 |173 049 060 || 000 | 0.00 GOFLI 176.1£51+£53
dJES 030 070 060| 000 000| 008 |009 008 000|f 081 | 1.46 DO 4] ® e W 5 e
rJES 400 335 265| 253 112 o040 |190 021 010| 000 | 0.00 SESYT O
lepPt 000 000 000| 000 000| 018 [010 000 110| 018 | 0.32 "CDF-Il 14 "B 17914 09+ 13
Signal 1.80 260 280 | L1l 18 | 034 |078 023 160| 045 | 065 ) | 8
MC W] 080 010 060 000 000 051 [090 031 060 058 [ 100 DO-Il 1+ 173 74 08+1.6
UN/MI 00  0.00 0.00| 130 130 000 [0.00 000 000]| 000 | 0.00 _ ®
BG 1. 130 030| 100  1.10 050 [038 035 160 || 008 | 0.08 GRELIH 186.0+10.0+5.7
Fit 0.60 N\0.00 0.70| 058 114| 016 [060 067 140 || 021 | 051 "CDFN all -
CR 0.00 0.00| 000 000 041 | 040 041 040 || 040 | 0.40 1748+1.7£1.9
MHI 0.00 000 N©0.00| 000 000|| 000 | 020 017 070|| 005 | 0.00 "CDF-Il trk N 1753+ 6.2+ 3.0
Syst. 571 5.8 4\\& 380  3.63 135 [ 208  1.09 311 | 1.60 | 2.43 ) <
Stat. 10.00 510 1030 N\ 3.60 1230 | | 0.94 | 267 170  6.20 \ 0.83 / 2.92 Tevatron March'09 1731+ 06 + 1.1
Total 1151 734 1130 53 1283 \164]/ 400 261 694] |180] 380 it Stf;)o?;: ft'
\/ \/ | | | I D

- 150 160 170 180 190 200
Parameter || Value (GeV/c?) My, (GeV/c?)

]\ffta”i‘j 175.1 + 2.6 Signal inCIUdeS:
M i27+13 | | Theory and pdf uncertainties.
M 1714427 Seems smallish.
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The Tevatron

% “"Best” channel: lepton + jet.

< Relatively few top-pair events:

For example the latest published sample in the (lepton+jet)
includes ~ 220 events!

< This is not exactly big statistics (in the usual sense);

So, how is such precise extraction possible?

Matrix element methods
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Back to top physics at the Tevatron

References:
Kondo et al: late 80’s mid 90’s
Dalitz and Goldstein: 90’s

See also Adam Gibson, PhD Thesis, '06
FERMILAB-PUB-08-242-E

NOTE: in the following I'll consider only the (lepton+jet) mode!

Experimentalist study events with:

1 lepton + (exactly) 4jets + large missing E;

At least one jet is required to be tagged as b-jet.
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Back to top physics at the Tevatron

Here I follow arXiv:hep-ph/9802249v1
Step 1: PP

Take the measured configuration of momenta for the final leptons and jets
in a single event i and evaluate the probability

P,(m) = P(configuration event i|m)

that these production and decay processes could produce the observed
configuration if the top quark mass were m.

Hint: calculated as from LO QCD

Examples of P,(m) for few Tevatron events:

43351-2134 43096—1342 40758—4231

45610—-2341

Max 6.2x1078

Max 3.2x107"
Max 4.0x107°
Max 1.7x107°

L /]
100 200
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The essence of the procedure

Step 2:

N
apply Bayes’ Theorem: P(m|data set {i}) = ]| P(event
i=1

a priori probability that the top mass is m

In practice, what one does is:

N
v Construct P(m) =[] P.(m)
e=l

*2 T T T T T 17 T T T T
: B
v Infer my,, from its extremum: = - 1
| ]
5 _al— |
: E
10F =
> g - |
S S5t g
R of
‘|_ E ! 1 _6 | T | T | [ | I I ‘ LAL 1
£ 5 i - 0.97 x mirve ] 100 120 140 160 180 200
dof " +1.61GeV m . (GeV)
40 5 0 5 10
mire - 170 GeV
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... and the complete procedure

Signal fraction

1) P(event Z|m) — A(x)[fpsig(X; ny, _]es) (3 (1 o f)Pbkg(v)ikJes)]

(st

2) Py, = [ dotvim)dardanf (@)@ W 3 ki)

S
Parton - hadron
@ + detector resolutio

N
3) Construct likelihood function: L (x; m,, ki, f) = H P(event i|m)

4) Extract ™ f ” by minimizing — |nL =1

5) Finally construct L(x;m,) = [ L(x;m, kjeS)G(kjeS)cikjeS

6) Extract ™ m ” from its maximum. \ Prior probability;
a Gaussian
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Comments

< At the Tevatron the statistics is small for standard analyses:
Bayesian approach developed and applied (pretty solid © )

% The procedure assumes we know exactly the distributions
> for calibrations,
» and for calculation of per event probabilities.

But that is not so: NLO brings 50% corrections => that is large uncertainty.
How does that affect the extraction?

*+» Has this been studied?

< For theorists: even if the above is implemented at NLO,
we do not have complete top-pair production and decay at NLO!

“» And it must be fast!
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Forward-Backward Asymmetry
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Forward-Backward Asymmetry
t-tbar:

= Q
v LO QCD: 0 asymmetry \_ | N /

v NLO QCD: 0.05 £ 0.015

Ol
2l

v CDF'08: A%} =0.17+0.08 fl q q ﬁ

v CDF Note 9724 '09:
App = 0.193 + 0.065%" 4 0.0245Y5

Looks like 2o deviation Aty gn | it
0 —-_ PT jet = 20GeV +
<+ BSM explanations not easy ~0.021 |
talk by il
—0.06 |
» QCD higher order effects? =S N—
01 L - NLO (CTEQ6M)
- soft gluon resum. small. gl TAGTEMRY
- hard NNLO emissions could be large. 0.1 . L
- 'e? \ . S
PDF's: t-tbar+jet:
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Summary and Conclusions

Theorists and experimentalists should talk more to each other ©
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Backup Slides
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Backup: Construct the Cross-section

How we put all this to work?

*» Match fixed order and resummed results:

ORresuM — OnLo T Osupakov ~ COVERLAP

Known at NLO, not at NNLO

*" Onwo is known exactly, /

\J
** Gsypakov

/

and matching coefficients needed.

61 T(N) = 015.1(N) +01.8(N) Known at NLO
0;;1(N) = o551" (N) 031 Ayja(N)
ij.1 ij I i ] —igd
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Backup: Numerical Findings at NLO

H (BCMN)
Ogg

/ e N e = 1+% 12.04 + 0(c2),

H Ol 2
C; numerics: -5%, / Ogg1 = 1+—9.16 +0(c),
color singlet channel: -12%/ ofs = 1+ 13.19 +0(ad),
color octet channel: -3%,

= 1+% 1439 +0(02),

Their implications :
v Formally these effects are beyond NLL; yet significant numerically

v Must be taken into account beyond NLL !
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Backup: Some statistics:

The answer involves not-so-popular statistical methods:
REF: PDG 08 - Statistics

< Frequentist statistics (the usual one): - Probability

probability is interpreted as the frequency of the outcome
of a repeatable experiment.

+ Bayesian statistics:
the interpretation of probability is more general and includes
degree of belief (called subjective probability). One can then speak of
a probability density function (p.d.f.) for a parameter, which expresses
one’s state of knowledge about where its true value lies.

Bayes’ theorem | P(theory|data) oc P(data|theory)P(theory)

Interpretation: the prior degree of belief is updated by the data from the experiment

P(B|A)P(A)

Proof: | P(A|B) = PB)
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Backup: More Statistics

REF: PDG 08 - Statistics p.d.f. := probability density function

In Bayesian statistics, all knowledge about 8 is summarized by the
posterior p.d.f. p(6/x), which gives the degree of belief for 6 to take on
values in a certain region given the data x.

o L@e)r(6)
POI*) = T e (@) do

L(x|8) - the likelihood function, i.e., the joint p.d.f. for the data given
a certain value of 6,
n(@) - the prior p.d.f. for O.

Bayesian statistics supplies no unique rule for determining =(6);
this reflects the experimenter’s subjective degree of belief about 6
before the measurement was carried out
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Backup: The method of maximum likelihood

How to get L7 ; REF: PDG 08 - Statistics
| B (x|0)m(0)
p(0|x)

~ [ L(x|0")7(6") de’

The method of maximum likelihood

Suppose we have a set of N measured quantities x = (x,, . . ., xy) described by a joint
p.d.f. i(x; 8), where 8 = (6,, . .., 8))is set of n parameters whose values are unknown.

The likelihood function is given by the p.d.f. evaluated with the data x, but viewed as a
function of the parameters, i.e., L(8) = f(x; 6).

If the measurements x; are statistically independent and each follow the p.d.r. f(x; 6),
then the joint p.d.f. for x factorizes and the likelihood function is:

N i T, Gives the maximum
L(0) = H f(zi;0)  Then: =0 likelihood estimators,
oy d0; je.6=(0,...,6)

Hint: 6 — /s to be m,,,
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